We discuss the sensitivities of present-day electroweak precision data to the possible scale of supersymmetry within the constrained minimal supersymmetric extension of the Standard Model (CMSSM). Our analysis is based on M W , sin 2 θ eff , (g−2) µ , BR(b → sγ), and the lightest MSSM Higgs boson mass, M h . We display the impact of the recent reduction in m t from 178.0 ± 4.3 GeV to 172.7 ± 2.9 GeV on the interpretation of the precision observables. We show the currently preferred values of the CMSSM mass scale m 1/2 based on a global χ 2 fit, assuming that the lightest supersymmetric particle (LSP) is a neutralino, and fixing m 0 so as to obtain the cold dark matter density allowed by WMAP and other cosmological data for specific values of A 0 , tan β and µ > 0. The recent reduction in m t reinforces previous indications for relatively light soft supersymmetry-breaking masses, offering good prospects for the LHC and the ILC, and in some cases also for the Tevatron. Finally, we discuss the sensitivity of the global χ 2 function to possible future evolution in the experimental central value of m t and its error. 
Introduction
We have recently analyzed the indications provided by current experimental data concerning the possible scale of supersymmetry [1] [2] [3] within the framework of the minimal supersymmetric extension of the Standard Model (MSSM) [4, 5] . We focus on the constrained MSSM (CMSSM), in which it is assumed that the soft supersymmetry-breaking scalar masses m 0 , gaugino masses m 1/2 and tri-linear parameters A 0 are each constrained to be universal at the input GUT scale, with the gravitino heavy and the lightest supersymmetric particle (LSP) being the lightest neutralinoχ 0 1 . It is well known that predicting the masses of supersymmetric particles using precision low-energy data is more difficult than it was for the top quark or even the Higgs boson. This is because the Standard Model (SM) is renormalizable, so decoupling theorems imply that many low-energy observables are insensitive to heavy sparticles [6] . On the other hand, supersymmetry may provide an important contribution to loop-induced processes. In fact, it was found [1, 3] that present data on the electroweak precision observables M W and sin 2 θ eff , as well as the loopinduced quantities (g − 2) µ and BR(b → sγ) (see [7] for a review), may already be providing interesting indirect information on the scale of supersymmetry breaking, at least within the context of the CMSSM with a neutralino LSP. In that framework, the range of m 0 is very restricted by the cold dark matter density Ω χ h 2 determined by WMAP and other observations, for any set of assumed values of tan β, m 1/2 and the trilinear soft supersymmetry-breaking parameter A 0 [8, 9] : in our analysis we have fixed m 0 to satisfy the cold dark matter density constraint, 0.094 < Ω CDM h 2 < 0.129 [10] 1 .
Within the CMSSM and using the (then) preferred range m t = 178.0 ± 4.3 GeV [12] , we found previously [1, 2] a preference for low values of m 1/2 , particularly for tan β = 10, that exhibited only a moderate sensitivity to A 0 2 . Here we focus on the change induced by the decrease of the experimental value of m t . The new analysis [3] updates our previous analysis [1] , taking into account the experimental result of m t = 172.7 ± 2.9 GeV [14], and provides a vade mecum for understanding the implications of any further evolution in the preferred range and experimental error of m t 3 .
As we show here explicitly, the new experimental value of m t has a non-trivial effect on the ranges of m 1/2 preferred by the experimental measurements of M W and sin 2 θ eff . Moreover, it reduces substantially the mass expected for the lightest MSSM Higgs boson, M h , for any given values of m 1/2 , m 0 , tan β and A 0 , thereby strengthening the constraints on m 1/2 . We therefore improve our analysis by incorporating the full likelihood information provided by the final results of the LEP search for a Standard Model-like Higgs boson [16, 17] (see [18] for other recent analyses in the framework of the CMSSM, which differ from our analysis by the treatment of certain observables such as M W , sin 2 θ eff or M h , or in their treatment of the 95% C.L. exclusion bound for M h .)
Current experimental data
In this Section we review briefly the experimental data set that has been used for the fits. We focus on parameter points that yield the correct value of the cold dark matter density, 0.094 < Ω CDM h 2 < 0.129 [10] , which is, however, not included in the fit itself. The data set furthermore comprises the following observables: the mass of the W boson, M W , the effective leptonic weak mixing angle, sin 2 θ eff , the anomalous magnetic moment of the muon, (g − 2) µ , the radiative B-decay branching ratio BR(b → sγ), and the lightest MSSM Higgs boson mass, M h . A detailed description of the first four observables can be found in [1, 7] . We limit ourselves here to recalling the current precision of the experimental results and the theoretical predictions.
The experimental values of these observables have not changed significantly compared to [1, 7] , and neither have the theoretical calculations. However, the lower experimental value for m t affects the interpretation of M W and sin 2 θ eff , in particular, changing the room available for contributions from possible physics beyond the Standard Model, such as supersymmetry. Moreover, as already commented, the new, lower experimental value of m t necessitates the incorporation of more complete experimental information about M h into the fit.
The uncertainties in the precision observables are given as follows:
• The W boson mass:
The intrinsic theoretical uncertainty in the prediction for M W within the MSSM with real 1 The central value of Ω CDM h 2 indicated by the recent three-year WMAP data is very similar, whilst the uncertainty is now somewhat reduced [11] . 2 Our notation for the A 0 parameter follows that which is standard in supergravity models (see e.g. [4] ), namely the coupling in the scalar potential is given by A 0 g (3) for the tri-linear superpotential term g (3) . This differs from the sign convention used in many publicly available codes, see e.g. [13] . 3 We also briefly comment on the effect of using the most up-to-date value of m t = 172. parameters has been estimated as [19] 
depending on the mass scale of the supersymmetric particles. A recent reevaluation of M W [20] , taking into account all existing corrections yields results very similar (within ∼ 5 MeV) to our calculation. The parametric uncertainties are dominated by the experimental error of the top-quark mass and the hadronic contribution to the shift in the fine structure constant. Their current errors induce the following parametric uncertainties [7, 21] 
The experimental value of M W used in this analysis is [22, 23] 4 M exp,current W = 80.410 ± 0.032 GeV.
The experimental and theoretical errors for M W are added in quadrature in our analysis.
• The effective leptonic weak mixing angle:
In the MSSM, the remaining intrinsic theoretical uncertainty in the prediction for sin 2 θ eff has been estimated as [19] ∆ sin 2 θ intr,current eff
depending on the supersymmetry mass scale. The current experimental errors of m t and ∆α had induce the following parametric uncertainties
The experimental value is [22, 23] 
The experimental and theoretical errors for sin 2 θ eff are added in quadrature in our analysis.
• The anomalous magnetic moment of the muon:
We use here the latest estimate based on e + e − data [24] (see [25, 26] for reviews):
where the source of each error is labelled. The result for the SM prediction is to be compared with the final result of the Brookhaven (g − 2) µ experiment E821 [27, 28] , namely: 4 The newest experimental value of M leading to an estimated discrepancy
equivalent to a 2.7 σ effect. While it would be premature to regard this deviation as a firm evidence for new physics, it does indicate a preference for a non-zero supersymmetric contribution. We note that new e + e − data sets have recently been published in [29] [30] [31] [32] , but not yet used in an updated estimate of (g − 2) µ . Their inclusion is not expected to alter substantially the estimate given in (9) . In particular, we note that the SND data [31] have recently been revised significantly [32] , following a re-evaluation of the background processes e + e − → π + π − γ and µ + µ − γ. They are now in much better agreement with the CMD2 data [30] , and show an increased disagreement with the τ decay data 5 .
Since this decay occurs at the loop level in the SM, the MSSM contribution might a priori be of similar magnitude. A recent theoretical estimate of the SM contribution to the branching ratio is [33] 
where the calculations have been carried out completely to NLO in the MS renormalization scheme [34] [35] [36] , and the error is dominated by higher-order QCD uncertainties. We record, however, that the error estimate for BR(b → sγ) is still under theoretical debate, see also [37, 38] .
For the experimental value, we assume [3] the estimate [39] BR(b → sγ) = (3.39
whereas the present experimental value estimated just recently by the Heavy Flavour Averaging Group (HFAG) is BR(b → sγ) = (3.55 ± 0.24
−0.10 ± 0.03) × 10 −4 [40] . The uncertainties are combined statistical and systematic errors, the systematic error due to the spectral shape function, and the uncertainty due to the dγ fraction, respectively. The new central value is somewhat closer to that in the SM (12) , imposing a somewhat stronger constraint on the supersymmetric mass scale, but we do not expect the conclusion to differ greatly from this analysis.
• The lightest MSSM Higgs boson mass:
The mass of the lightest CP-even MSSM Higgs boson can be predicted in terms of the other CMSSM parameters. At the tree level, the two CP-even Higgs boson masses are obtained as functions of M Z , the CP-odd Higgs boson mass M A , and tan β. For the theoretical prediction of M h we employ the Feynman-diagrammatic method using the code FeynHiggs [41, 42] , which includes all numerically relevant known higher-order corrections. The current intrinsic error of M h due to unknown higher-order corrections has been estimated to be [7, 43, 44 ]
Details about the inclusion of M h and the evaluation of the corresponding χ 2 values obtained from the direct searches for a Standard Model (SM) Higgs boson at LEP [16] can be found in [3] .
Assuming that the five observables listed above are uncorrelated, a χ 2 fit has been performed with
Here R exp n denotes the experimental central value of the nth observable (M W , sin 2 θ eff , (g − 2) µ and BR(b → sγ)), R theo n is the corresponding CMSSM prediction and σ n denotes the combined error, and χ 2 M h denotes the χ 2 contribution coming from the lightest MSSM Higgs boson mass [3] .
CMSSM analysis for m t = 172.7 GeV
As already mentioned, in our old analysis of the CMSSM [1] we used the range m t = 178.0 ± 4.3 GeV that was then preferred by direct measurements [12] . The preferred range has subsequently evolved to 172.7 ± 2.9 GeV [14] (and very recently to 172.5 ± 2.3 GeV [15]). The effect of this lower m t value is twofold.
First, it drives the SM prediction of M W and sin 2 θ eff further away from the current experimental value 6 . This effect is shown in Figs. 1 -4 for tan β = 10, 50. In the right plots of Figs. 1 and 2 we have also updated the experimental value of M W . The change in the SM prediction elevates the experimental discrepancy to about 1.5 σ, despite the change in the preferred experimental range of M W , which does not compensate completely for the change in m t . The net effect is therefore to increase the favoured magnitude of the supersymmetric contribution, i.e., to lower the preferred supersymmetric mass scale. In the case of sin 2 θ eff , the reduction in m t has increased the SM prediction whereas the experimental value has not changed significantly. Once again, the discrepancy with the SM has increased to about 1.5 σ, and the preference for a small value of m 1/2 has therefore also increased. Secondly, the predicted value of the lightest Higgs boson mass in the MSSM is lowered by the new m t value, see, e.g., [45] . The effects on the electroweak precision observables of of A 0 is needed in order to satisfy the LEP Higgs exclusion bounds. For tan β = 50, see Fig. 6 , on the other hand, this effect is much less severe. In our previous analysis, we rejected all parameter points for which FeynHiggs yielded M h < 113 GeV. The best fit values in [1] corresponded to relatively small values of M h , a feature that is even more pronounced for the new m t value. In view of all these effects, we have updated [3] our old analysis of the phenomenological constraints on the supersymmetric mass scale m 1/2 in the CMSSM using the new, lower value 7 of m t and including a χ 2 contribution from M h .
We now present the updated results [3] for the χ 2 fit, which includes the χ 2 contribution for M h for m t = 172.7 ± 2.9 GeV. 8 As seen in the first panel of Fig. 7 , the qualitative feature observed in [1] of a pronounced minimum in χ 2 at m 1/2 for tan β = 10 is also present for the new value of m t . However, the χ 2 curve now depends more strongly on the value of A 0 , corresponding to its strong impact on M h . Values of A 0 /m 1/2 < −1 are disfavoured at the ∼ 90% C.L., essentially because of their lower M h values (see Fig. 5 ), but A 0 /m 1/2 = 2 and 1 give equally good fits and descriptions of the data. The old best fit point in [1] had A 0 /m 1/2 = −1, but there all A 0 /m 1/2 gave a similarly good description of the experimental data. The minimum χ 2 value is about 2.5. This is somewhat higher than the result in [1] , but still represents a good overall fit to the experimental data. The rise in the minimum value of χ 2 , compared to [1] , is essentially a consequence of the lower experimental central value of m t , and the consequent greater impact of the LEP constraint on M h [16, 17] . In the cases of the observables M W and sin 2 θ eff , a smaller value of m t induces a preference for a smaller value of m 1/2 , but the opposite is true for the Higgs mass bound. The rise in the minimum value of χ 2 reflects the correspondingly increased tension between the electroweak precision observables and the M h constraint.
A breakdown of the contributions to χ 2 from the different observables can be found for some example points in Table 1 . We concentrate here on parameter sets with relatively bad fit qualities that either have large m 1/2 values or lie in the focus-point region (see below). One can see that, for large m 1/2 values, (g − 2) µ always gives the dominant contribution. However, with the new lower experimental value of m t also M W and sin 2 θ eff give a substantial contribution, adding up to more than 50% of the (g − 2) µ contribution. On the other hand, M h and BR(b → sγ) make negligible contributions to χ 2 at these points. As seen from the example shown in the last line of the Table, focus points may yield similar results for the electroweak precision observables as in the SM, resulting in a relatively high χ 2 value. This region is mostly disfavoured at the ∼ 90% C.L. level, as also seen in Fig. 8 . The remaining panels of Fig. 7 update our old analyses [1] of the χ 2 functions for various sparticle masses within the CMSSM, namely the lightest neutralinoχ 0 1 , the second-lightest neutralinoχ 0 2 and the (almost degenerate) lighter charginoχ ± 1 , the lightest slepton which is the lighter stauτ 1 , the lighter stop squarkt 1 , and the gluinog. Reflecting the behaviour of the global χ 2 function in the first panel of Fig. 7 , the changes in the optimal values of the sparticle masses are not large. The 90% C.L. upper bounds on the particle masses are nearly unchanged compared to the results for m t = 178.0 ± 4.3 GeV given in [1] .
The corresponding results for the case tan β = 50 are shown in Fig. 8 . We see in panel (a) that the minimum value of χ 2 for the fit with m t = 172.7 ± 2.9 GeV is larger by about a unit than in our previous analysis with m t = 178.0 ± 4.3 GeV. Because of the rise in χ 2 for the tan β = 10 case, however, the minimum values of χ density down into the range allowed by WMAP. These points have a ∆χ 2 of at least 3.5, so most of them are excluded at the 90% C.L.
Taken at face value, the preferred ranges for the sparticle masses shown in Figs. 7 and 8 are quite encouraging for both the LHC and the ILC. The gluino and squarks lie comfortably within the early LHC discovery range, and several electroweakly-interacting sparticles would be accessible to ILC(500) (the ILC running at √ s = 500 GeV). This is the case, in particular, for theχ The best-fit CMSSM point is quite similar to the benchmark point SPS 1a [47] , which is close to point B of [48] and has been shown to offer good experimental prospects for both the LHC and ILC [49] .
The minimum values of χ 2 are 2.5 for tan β = 10 and 2.8 for tan β = 50, found for m 1/2 ∼ 320, 570 GeV and A 0 = +m 1/2 , −m 1/2 , respectively, revealing no preference for either large or small tan β 9 . This also holds for intermediate tan β values, see [3] for details.
Future evolution
In view of the possible future evolution of both the central value of m t and its experimental uncertainty δm t , we have analyzed the behaviour of the global χ 2 function for 166 GeV < m t < 179 GeV and 1.5 GeV < δm t < 3.0 GeV for the case of tan β = 10 (assuming that the experimental results and theoretical predictions for the precision observables are otherwise unchanged), as seen in the left panel of Fig. 9 . We see that the minimum value of χ 2 is almost independent of the uncertainty δm t , but increases noticeably as the assumed central value of m t decreases. This effect is not strong when m t decreases from 178.0 GeV to 172.7 GeV, but does become significant for m t < 170 GeV. This effect is not independent of the known preference of the ensemble of precision electroweak data for m t ∼ 175 GeV within the SM [22, 23] , to which the observables M W and sin 2 θ eff used here make important contributions. On the other hand, as already commented, within the CMSSM there is the additional effect that the best fit values of m 1/2 for very low m t result in M h values that are excluded by the LEP Higgs searches [16, 17] and have a very large χ
, resulting in an increase of the lowest possible χ 2 value for a given top-quark mass value. This effect also increases the value of m 1/2 where the χ 2 function is minimized. On the other hand, the right panel in Fig. 9 demonstrates that the 90% C.L. upper limit on m 1/2 shows only a small variation, less than ∼ 10% for m t in the preferred range above 170 GeV 10 . Finally, we note that the upper limit on m 1/2 is essentially independent of δm t for the preferred range m t > ∼ 170 GeV. Thus for the latest experimental value, m t = 172.5 ± 2.3 GeV the results for the preferred m 1/2 range remain essentially unchanged as compared to our analysis here.
It is striking that the preference noted earlier for relatively low values of m 1/2 remains almost unaltered after the change in m t and the change in the treatment of the LEP lower limit on M h . There seems to be little chance at present of evading the preference for small m 1/2 hinted by the present measurements of M W , sin 2 θ eff and (g − 2) µ , at least within the CMSSM framework. It should be noted that the preference for a relatively low SUSY scale is correlated with the top mass value lying in the interval 170 GeV < ∼ m t < ∼ 180 GeV.
Conclusions
Precision electroweak data and rare processes have some sensitivity to the loop corrections that might be induced by supersymmetric particles. Present data exhibit some preference for a relatively low scale of soft supersymmetry breaking: m 1/2 ∼ 300 . . . 600 GeV. This preference is largely driven by (g − 2) µ , with some support from measurements of M W and sin 2 θ eff . Here we have presented a re-evaluation in the light of new measurements of m t and M W , and a more complete treatment of the information provided by the bound from the LEP direct searches for the Higgs boson. The preference for m 1/2 ∼ 300 . . . 600 GeV is maintained in the CMSSM 11 . The ranges of m 1/2 that are preferred would correspond to gluinos and other sparticles being light enough to be produced readily at the LHC. Many sparticles would also be observable at the ILC in the preferred CMSSM parameter space. In this respect the measurement of M W is increasing in importance, particularly in the light of the recent evolution of the preferred value of m t . Future measurements of M W and m t at the Tevatron will be particularly important in this regard.
